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Edited by Judit Ova´diAbstract Phospholipid hydroperoxide glutathione peroxidase is
a monomeric Se-peroxidase highly expressed in mammalian
male germ cells. Its nuclear form, sperm nuclei glutathione per-
oxidase (snGPx), has been originally identiﬁed in maturating
spermatozoa as a transcription product containing an alternative
exon within the phospholipid hydroperoxide glutathione peroxi-
dase gene. In this paper, we show that this form is inconstantly
detectable in rat spermatozoa where a 20.0 and 25.9 kDa major
forms are detected instead. These have been conclusively charac-
terized. The N-terminus sequence of the 20.0 kDa form con-
ﬁrmed that the protein is identical to cytosolic form,
suggesting diﬀusion into the nucleus. The 25.9 kDa protein rep-
resented a truncated form of the previously described nuclear
snGPx, lacking the basic nuclear localization signal. This pro-
tein is present in two forms diﬀering from each other by the pres-
ence of an N-terminal methionine. The presence of traces of the
larger snGPx form suggests that exhaustive proteolytic process-
ing of the precursor produces the 25.9 kDa enzyme, although the
alternate use of a downstream ATG, at least in rodents, could
not be unequivocally ruled out.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Selenocysteine1. Introduction
Phospholipid hydroperoxide glutathione peroxidase
(PHGPx; E.C.: 1.11.1.12) is the monomeric member of the
family of selenium-dependent glutathione peroxidases [1].
The selenocysteine at the active site undergoes a two-electron
redox transition, accounting for diﬀerent catalytic activities
[2]. The most known and ﬁrst described PHGPx-catalyzed
reaction is the reduction of a hydroperoxide by two electrons,
supplied by two molecules of glutathione, giving rise to the
corresponding disulﬁde. This reaction accounts for the antiox-Abbreviations: gpx-4, the gene encoding PHGPx; NES, nuclear export
signal; NLS, nuclear localization signal; PHGPx, phospholipid
hydroperoxide glutathione peroxidase; snGPx, sperm nuclei glutathi-
one peroxidase; YFP, yellow ﬂuorescent protein
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damental cellular regulation processes, such as control of
eicosanoid biosynthesis and inhibition of apoptosis [4]. In a
similar peroxidatic reaction, taking place under permissive
low glutathione concentration, PHGPx catalyzes the oxidation
of speciﬁc protein thiols [5]. This reaction is involved in the ﬁ-
nal stages of spermatogenesis [6] when chromatin condensates
and the mitochondrial capsule of the spermatozoon is built up
[7]. Consistently with functions in controlling crucial cellular
events, the gene encoding PHGPx (gpx-4) knock out is lethal
in the early embryonic life [8,9].
Diﬀerent forms of PHGPx have been described so far: (i) a
cytosolic enzyme, the only one so far puriﬁed and sequenced
[10]; (ii) a mitochondrial enzyme, formed with a speciﬁc leader
sequence that is cleaved oﬀ to yield a protein of the same
apparent molecular weight as the cytosolic form [11]; (iii) a nu-
clear enzyme, named ‘‘sperm nuclei glutathione peroxidase –
snGPx’’, identiﬁed by Pfeifer et al. [12] in the nuclei of late
spermatids by in vivo labeling with radioactive selenium and
Western blotting.
Micro-sequencing of few amino acids at the N-terminus of
snGPx and cDNA analysis led to the deﬁnition of the primary
structure and the discovery of an alternative exon within the
ﬁrst intron of gpx-4. This, by encoding an nuclear localization
signal (NLS) at its 5 0 end, explained the nuclear localization
[12]. The same authors also showed three additional Se-labeled
immunoreactive bands – ranging from a MW of 19 to 25
kDa – in the nuclei of rat spermatozoa that were not further
characterized [12].
The cytosolic, mitochondrial and nuclear PHGPx are pro-
duced from three distinct gpx-4 transcripts widely spread in
mammalian tissues [13]: the cytosolic and the mitochondrial
transcripts arising from the incomplete or complete tran-
scription of the ﬁrst exon, respectively, and the nuclear
one arising from the transcription of the alternative exon,
which, in the rat sequence, contains two in-frame ATGs
(Fig. 1).
Transcriptional analysis and promoter studies suggested that
the products of the ﬁrst exon, namely the cytosolic/mitochon-
drial PHGPx, or the alternative exon product(s), the snGPx,
are controlled by distinct promoters [13–15].
In this study, we characterized the major PHGPx forms of
the spermatozoa heads (25.9 and 20.0 kDa), and present evi-
dence that the 25.9 kDa band is actually a truncated form of
snGPx missing the NLS, whereas the 20.0 kDa form is identi-
cal to the cytosolic form.blished by Elsevier B.V. All rights reserved.
Fig. 1. Rat gpx-4 structure. Exons are represented as big boxes. In the
ﬁrst (1A) and alternative (1B) exons, the positions of the in frame ATG
codons are speciﬁed (A). The mitochondrial PHGPx transcript results
from complete transcription of the exon 1A that is joined to exons 2, 3,
4, 5, 6, 7. The cytosolic PHGPx transcript, by escaping the ﬁrst 5 0
ATG, results from incomplete transcription of the exon 1A. The
nuclear PHGPx transcript results from complete transcription of the
exon 1B that is joined to exons 2, 3, 4, 5, 6, 7.
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2.1. Biological samples
Adult (300–350 g) Wistar rats were used for experiments. Testis
cytosol was prepared as previously described [16]. Sonication-resistant
nuclei (spermatids) were prepared from rat testis as described by Pfe-
ifer et al. [12]. Rat spermatozoa, obtained by squeezing the cauda epi-
didymis and the vas deferens into phosphate-buﬀered saline (PBS), were
centrifuged at 600 · g for 15 min and washed twice. Heads and tails
were separated as described [17].2.2. PHGPx puriﬁcation
The chromatographic separations (bromo sulfophthalein–glutathi-
one aﬃnity and hydrophobic interaction chromatography) were car-
ried out as described [18]. The heads of spermatozoa obtained from
10 rats were solubilized with 50 mM Tris–HCl, pH 7.4, containing
6 M guanidine–HCl, 0.1% Triton X-100, and 1 mM mercaptoethanol
and centrifuged at 7000 · g for 15 min. The supernatant, representing
soluble fraction of spermatozoa heads, was equilibrated with the buﬀer
of bromo sulfophthalein–glutathione aﬃnity chromatography by DG
10 desalting columns (Biorad). Fractions were tested for PHGPx activ-
ity using phosphatidyl choline hydroperoxide as substrate [16].
The use of protease inhibitors, as reported in [16,18], was discontin-
ued during the study, to avoid possible interference with mass analysis
of the tryptic fragments, when it was clear that the absence of these
compounds did not aﬀect the results.Fig. 2. Western blot analysis of rat testis PHGPx. Lanes represent:
spermatozoa tails (A), spermatozoa heads (B), sonication-resistant
nuclei (spermatids) (C), testis cytosol (D), spermatozoa (E).2.3. Western blotting
Gel electrophoresis was performed according to Laemmli [19] on a
T = 14%, C = 2.67% gel. SDS–PAGE-separated proteins were blotted
onto a nitrocellulose membrane in 3-[Cyclohexylamino]-1-propane-
sulfonic acid (CAPS)–NaOH 0.01 M, 10% methanol, pH 11, and
probed with speciﬁc antibody for PHGPx at a dilution of 1:1000.
Detection was achieved by incubation with biotinylated anti-rabbit
IgG and streptavidine alkaline phosphatase complex [16].
2.4. LC-ESI-MS/MS analysis
The bands of interest were excised from the gel, destained, dehy-
drated and covered with 10 ll of trypsin in 100 mM Tris–HCl, pH
8.0 [20]. Trypsin (Promega, Madison, WI, USA) was used at approx-
imately 1:50 enzyme: protein, (wt:wt) ratio. The incubation was carried
out at 37 C overnight. Peptides were extracted with 50% acetonitrile
and 1% formic acid. After centrifugation, the supernatant was concen-
trated up to 20 ll and injected into the LC-MS/MS apparatus.
A Phoenix 40 HPLC (ThermoQuest, Milan, Italy) coupled to an
LCQDeca ion trap mass spectrometer by an electrospray interface
was used. Tryptic fragments were separated by a Hypersil C18, column
(ThermoHypersil, Bellofonte, PA, USA 0.5 · 150 mm, 5 lm) with an
acetonitrile gradient (eluent A: 0.025% TFA in water; eluent B:
0.023% TFA in acetonitrile). The ﬂow-rate was 15 ll/min. The gradient
proﬁle was 5% B for 5 min followed by 5–50% B within 40 min.
For mass spectrometry, the heated capillary was kept at 260 C and
voltage at 30 V. Spray voltage was 4.5 kV. Spectra were acquired in
automated MS/MS mode: each MS full scan (in the range 400–1800
m/z) was followed by three MS/MS of the most abundant ions, usinga relative collision energy of 35%. Computer analysis of peptide MS/
MS spectra was performed using version 1.2 of the SEQUEST algo-
rithm (University of Washington, licensed to ThermoFinnigan Corp.).
2.5. N-terminal sequencing
For sequence analysis, the protein was electroblotted onto a PVDF
membrane and the N-terminus determined using a Procise 492 Instru-
ment (Applied Biosystems).3. Results
The pattern of distribution of the PHGPx forms is diﬀerent
in head and tail of rat spermatozoa. While the tail contains
only a 20.0 kDa immunoreactive band (Fig. 2, lane A), the
head displays a complex pattern of bands, two major ones with
apparent MW 25.9 and 20.0 kDa, and a faint band at 21.8 kDa
(Fig. 2, lane B). The 25.9 kDa band is also present in relatively
large amount in sonication-resistant testis nuclei, considered to
be derived from late spermatids [12] (Fig. 2, lane C), where it is
discovered together with the 20.0 kDa form and traces of the
21.8 kDa form. The 25.9 kDa band is also detected in testis
cytosol (Fig. 2, lane D) and in whole spermatozoa (Fig. 2, lane
E). Traces of a 29.0 kDa immunoreactive protein, reasonably
corresponding to the described nuclear form of PHGPx
(snGPx) [12], could be detected in addition to the 20.0 and
25.9 kDa bands, as a very faint band, only in some prepara-
tions of spermatozoa (Fig. 2, lane E) or spermatozoa heads
and sonication-resistant nuclei of testis (not evident in Fig. 2,
lanes C and B).
Due to the extremely low content, no attempt was made to
further analyze the 21.8 and 29.0 kDa proteins. An enrichment
of both the 25.9 and 20.0 kDa proteins was obtained by two
chromatographic steps that were monitored for PHGPx con-
tent by immunoreactivity and speciﬁc activity. Following
SDS–PAGE, the 25.9 kDa spot was excised from the gel and
analyzed by both mass spectrometry and Edman degradation.
Identical results were obtained with the head soluble fraction
of spermatozoa and testis cytosol. The 20.0 kDa protein was
identically isolated both from spermatozoa heads and testis
cytosol but only analyzed for N-terminal sequence.
Tryptic ﬁngerprinting and Sequest analysis revealed the
25.9 kDa protein to be a truncated form of the snGPx (Fig.
3). The uppermost N-terminus peptide was present in two
forms starting by either EPIPE (major component) or ME-
PIPE (minor component). The non-ambiguous evidence that
the above is the start of the protein was obtained by N-termi-
nal sequencing of the intact protein, generating the major se-
quence EPIPEPFNPR, and a secondary minor sequence
starting by MEPIPEPFN.
MGRAAARKRGRCRQRGRSPGGRRRREPGRQSPRKRPGPRRRRARARRRRRARP
RRMEPIPEPFNPRPLLQDLPQTSNSHEFLGLC[ASRDDWRCARSMHEFSAKDIDG
HMVCLDKYRGCVCIVTNVASQUGKTDVNYTQLVDLHARYAECGLRILAFPCNQ
FGRQEPGSNQEIKEFAAGYNVRFDMYSKICVNGDDAHPLWKWMKVQPKGRGM
LGNAIKWNFTKFLIDKNGCVVKRYGPMEEPQVIEKDLPCYL
Peptide sequence Position
MEPIPEPFNPRPLL 56-69
EPIPEPFNPRPLL 57-69
PLLQDLPQTSNSHEFLGLCASRDDWR 67-92
DIDGHMVCLDKYR 104-116
TDVNYTQLVDLHAR 132-145
VDLHARYAECG 140-150
ILAFPCNQFGR 153-163
QEPGSNQEIKEFAAGYNVR 164-182
ICVNGDDAHPLWK 189-201
YGPMEEPQVIEK 236-247
Fig. 3. Primary sequence of rat nuclear PHGPx (snGPx) (top) and peptides identiﬁed by LC ESI-MS/MS (bottom). The sequence deduced from
cDNA, covered by tryptic peptides, is underlined. U indicates selenocysteine, Ø indicates the start of the cytosolic protein, as detected by Edman
degradation (see also Table 1).
Table 1
N-terminal sequences of the diﬀerent PHGPx forms
Source
Rat testis cytosol (19146 amu) ASRDDa
Rat spermatozoa heads (19146 amu) ASRDDa
Pig heart cytosol (19257 amu) ASRDDb
Rat spermatozoa heads (22549/22418 amu) MEPIPEPFNa/
EPIPEPFNPRa
Rat testis snGPx (29093 amu) SRAARGRKRc
aThis work.
bFrom Brigelius-Flohe´ et al. [10].
cFrom Pfeifer et al. [12].
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clear PHGPx that is reproducibly detected in rat testis and
spermatozoa heads. The actual mass of the protein calculated
from the sequence is 22549 or 22418 amu including or not the
initial methionine, respectively. In comparison to the snGPx as
described previously [12], the complete NLS is missing and the
protein sequence actually starts with a methionine that corre-
sponds to the second ATG contained in the alternative exon
of the rat sequence.
The N-terminus analysis of the 20.0 of kDa form from both,
spermatozoa heads and cytosol, yielded the identical sequence
ASRDD. This actually corresponded to the one of the canonic
cytosolic protein characterized from pig heart [10] (Table 1).4. Discussion
The study by Pfeifer et al. [12] showed that spermatozoa nu-
clei contain snGPx and other selenoproteins of lower MW that
remained uncharacterized [12]. In this paper, we show that
snGPx, as originally described, is hardly detectable in sperma-tozoa, spermatozoa heads or sonication-resistant nuclei, while
the smaller immunoreactive proteins are constantly detected
and represents also PHGPx forms that, in part at least, are
truncated forms of snGPx. The occurrence of an artifactual
proteolysis during sample processing can be ruled out, since
the use of the mixture of protease inhibitors, as in [16,18],
did not aﬀect the results.
A 25.9 kDa protein, the major form consistently detected,
could be structurally characterized. It is deﬁnitely translated
from the alternate transcript of gpx-4 and represents a shorter
form of snGPx lacking the NLS. This 25.9 kDa band is either
detected with an N-terminal methionine or not. This methio-
nine corresponds to the most 3 0 of the two ATGs within the
alternative exon of gpx-4 (Fig. 1) and therefore could result
from an alternate use of this ATG as a start codon. However,
since the Met is preceded by a double Arg motif in the deduced
sequence of full-length snGPx, the 25.9 kDa form could
equally be formed by common proteolytic cleavage of the ca-
nonic translation of nuclear gpx-4.
Thus, two alternative mechanisms may account for the for-
mation of this protein: the use of a diﬀerent translational start
or a post-translational proteolytic processing. Although the is-
sue of a diﬀerent translational start has not been directly ad-
dressed, it seems unlikely on the basis of the following
considerations: (i) traces of the larger snGPx were detectable
in some samples; (ii) nuclear mRNA forms containing both
the ATGs within the alternative exon are detectable in diﬀerent
tissues [12,13], while mRNA form(s) containing only the
downstream ATG, although carefully searched for, have never
been detected; (iii) the second ATG reaches low score as trans-
lational start by bioinformatic tools [21]; and (iv) in the human
transcript, the use of the second translational start would re-
sult in a shift in the correct reading frame.
Since coexistence of both, proteolytic degradation and alter-
nate use of downstream ATG, at least in rodents, might
670 M. Maiorino et al. / FEBS Letters 579 (2005) 667–670explain the N-terminal heterogeneity of the 25.9 kDa band,
the issue of the real origin of the 25.9 kDa bands remains
unresolved.
This raised the question whether also the major 20.0 kDa
PHGPx form observed in spermatozoa heads and testis sonica-
tion-resistant nuclei (Fig. 2, lanes B and C) or spermatozoa nu-
clei [12] could be a proteolysis product of the nuclear
precursor. However, the analysis of the N-terminus of the
20.0 kDa protein puriﬁed from rat spermatozoa head or testis
cytosol yields only one identical and unequivocal sequence, the
one that matches the N-terminus of the previously identiﬁed
pig PHGPx protein puriﬁed from heart cytosol (Table 1)
[10]. Moreover, any cleavage site does not precede this N-ter-
minus. An always-possible contamination with cytosolic com-
ponents appears rather unlikely, since the 20.0 kDa is a major
form constantly detected. Although not fully conclusive, these
ﬁndings support a common biosynthetic pathway for the cyto-
solic and nuclear 20.0 kDa proteins, and thus an uptake of the
cytosolic PHGPx into the nucleus. This is indeed not an unli-
kely event, since the nuclear pore complex provides an aqueous
channel that allows diﬀusion of macromolecules up to 40–
60 kDa [22]. Accordingly, cytosolic PHGPx-yellow ﬂuorescent
protein (YFP) chimeras were found diﬀusely distributed in the
cytosol and nucleus [23]. A diﬀusion through the pore accounts
also for the release of the 25.9 kDa form out of the nucleus
[12], the protein is indeed always detectable in the testis cyto-
sol, when carefully prepared [16] in order to prevent artifactual
contamination with nuclei.
In conclusion, rat male gonadic cells contain two principal
nuclear PHGPx forms, the larger of which results from the
cleavage of the NLS from a larger precursor and/or alternate
use of a downstream start, the smaller being the cytosolic pro-
tein. The biological signiﬁcance of elimination of NLS is far
from clear, since NLSs are usually retained in nuclear pro-
teins. Interestingly, the remaining stretch of 28–29 aminoacids
of snGPx conserved in the 25.9 kDa protein has a relatively
abundant content of leucine and proline (17.2% and 20.7%,
respectively) and is reminiscent of a nuclear export signal
(NES) [22]. This opens the intriguing question whether the
presence of the two forms just reﬂects redundancy, or diﬀerent
function. Consistently, the proteolytic cleavage of NLS could
be relevant for the post-fertilization phase, when a diﬀusion/
export of the enzyme out of the nucleus appears physiologi-
cally desirable. Whilst the activity of PHGPx in the nucleus
of spermatozoa is relevant to the process of chromatin con-
densation contributing to transcriptional inactivation [6,12],
in the zygote, where gene expression is activated, a nuclear
localization of PHGPx would be inappropriate.
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